Amorphous silicon−nitride thin films a−Si
Introduction
A stoichiometric Si 3 N 4 deposited at high temperature is ty− pically used as a diffusion mask during device processing, a dielectric for memory devices or as an insulator [1] . Hydrogenated amorphous silicon−nitride thin films (a−Si:N: H), being one of hydrogenated amorphous silicon based alloys, is a cheaper material and simpler to produce. The use of amorphous material is very promising not only for silicon solar cell technology -photovoltaics -but also in thin film devices such as photoreceptors and graphic devices [2] . Additionally, amorphous films may be used as protective coatings which improved the wear resistance of substrates and decreased the friction coefficient [3] . The promising methods of deposition of these silicon based alloys are plasma enhanced chemical vapour deposition (PECVD) [4] and hot wire CVD [5] . The results of this work indicate not only for photovoltaics, but also for mechanical applications.
Experimental
Amorphous a−Si:N:H thin films were obtained by PECVD with the radio frequency of 13.57 MHz generation of plas− ma originated from SiH 4 + NH 3 with NH 3 content w a = NH 3 /(NH 3 + SiH 4 ) in the range from 0.11 to 0.3. Other pro− cess conditions were: deposition time 7-15 minutes, con− stant pressure about 80 Pa and substrate temperature at about 180°C. Polished crystalline (Cz−Si) and multi−crystal− line (mc−Si) silicon wafers and borosilicate glass were used as substrates. The growth rate of the film decreases with the increasing NH 3 content in the gas mixture in PECVD pro− cess. The thickness of the films was in the range from 70 to 220 nm and depended on deposition time and other used technological conditions and substrates. For details see Ref. 6 . Structural properties were studied by means of Fou− rier transform infrared spectroscopy (FTIR−Biorad FTS− −60V) in the absorption mode over the range from 400 to 4000 cm -1 . Films' morphology was studied by means of scanning electron microscopy (SEM−NOVA NANO SEM 200, FEI Company).
The friction and wear properties of the films deposited on mono−crystalline (Cz−Si) and multi−crystalline silicon (mc−Si) wafers were evaluated on a ball−on−disk apparatus [7, 8] . The tests were conducted at unlubricated contact in laboratory atmosphere: temperature of 22 ±1°C and relative humidity of 40 ±5%. Alumina balls of 1 mm in diameter were used as the counter body. Prior to each test the speci− mens and the balls were cleaned with ethanol. The investi− gations were conducted at established friction test parame− ters: wear track of 10−mm diameter, rotation speed of 60 rpm, normal load of 0.25 N and 1000 -a total number of cycles.
Optical properties were studied by means of the spectro− photometry (Perkin Elmer Lambda 19) over the UV, VIS and NIR ranges of the electromagnetic radiation. The spec− tral dependences of the transmittance T(l) and the reflec− tance R(l) were measured over the wide wavelength range l = 180-3200 nm. Specular reflectance measurements have been performed at the angle of incidence of 7°. Calibrated Al mirror was used as standard for the reflectance coeffi− cient. Total hemispherical transmittance and reflectance as well as diffused transmittance and reflectance have been measured relatively to a Spectralon calibrated standard which has 97-97% reflectance over the visible and in the near−infrared range. The spectrophotometer was used in two configurations: specular reflectance mode in case of smooth surfaces of thin films deposited onto polished crystalline si− licon and total reflectance mode measured by an integrating sphere in case of highly scattering surfaces induced by multi−crystalline silicon substrate. Particularly important for the reduction of optical losses is the wavelength range extending from 400 nm to 1100 nm. The details of the experiment were published in Ref. 9 .
PC1D software is commonly used for the interpreting experimental data to determine the structure of a device and provides the ability to display simulation results in the graph [10] [11] [12] . The efficiency of multi−crystalline silicon solar cells with a−Si:N:H antireflective coatings vs. various re− fractive index and thickness were simulated by using PC1D and software. The simulation concerns also solar cells without any ARC [13] .
Results and discussion
The gaseous mixture content in PECVD process strongly influences the properties of a−Si:N:H films. We observed a decrease in growth rate with an increasing NH 3 content which can be explained by higher decomposition energies of NH 3 in comparison with SiH 4 [6] . The growth rates depended also on the kind of used substrates. The higher values of film growth rate on glass indicated the enhanced nucleation process of a−Si:N:H caused by the interaction of gaseous species with oxygen present in glass substrates.
The morphology of mc−Si was studied by the use of SEM. The image in Fig. 1 shows the micrograph of the mc−Si sample covered with the a−Si:N:H film. Multi−crystal− line silicon has inhomogeneous structure and composition analysis of the deposited film should be done in several points by energy dispersive X−ray spectroscopy (EDX). One can ascertain good homogeneity of nitrogen distribution on mc−Si surface which is shown in Table 1 . Additionally, we can observe good homogeneity of film thickness and good adhesion to the substrate. The SEM and EDX indicate that the films are homogeneous. SEM microanalysis of a−Si:N:H film deposited on multi−crystalline silicon, obtained in NH 3 content of 0.27, at all points revealed presence of nitrogen and silicon in ratio 1:4. It means that a−Si:N:H films smooth the structure and morphology of mc−Si. The average atomic ratio of N/(N + Si) is about 0.223 much lower than the stoichiometric ratio of Si 3 N 4 -0.57, because these films are amorphous materials, obtained in atmosphere of a low con− tent of NH 3 and in a lower temperature than stoichiometric ones. As it was previously observed, a−Si:N:H films on mono− and multi− crystalline silicon substrates revealed an increase in nitrogen content w N = N/(N + Si) with an increase in NH 3 content w a in a gaseous mixture SiH 4 + NH 3 [6] . The morphological investigations of multi−crystalline silicon by the use of SEM and mechanical tests confirmed that a−Si:N:H films show good adhesion to silicon [14] . Table 1 FTIR measurements were carried out in the spectral range from 400 to 4000 cm -1 in absorption mode. FTIR spectra of a−Si:N:H films obtained for w a = 0.22 and a−Si:C:H grown in CH 4 + SiH 4 of w m = CH 4 /(CH 4 + SiH 4 ) = 0.14 are presented in Fig. 2 . The spectrum of a−Si:N:H con− sisted of typical absorption bands for different hydrogen bondings to nitrogen and silicon and silicon−nitrogen related bands. One can observe three groups of bands: SiH n , NH n and SiN. Main trend that intensity of bands assigned to SiH n decreases with the increase in ammonia content in PECVD process has been confirmed. For nitrogen content, w N = 0.22, the mode 830 cm -1 (SiN) is dominant. The intensity of peak 3360 cm -1 -means that NH n stretching vibrations do not apparently increase with increasing the nitrogen content Fig. 2 . In spectral region from 650 to 1400 cm -1 (the small one image in Fig. 2 ) and 2000 to 2400 cm -1 the various hydrogen bondings are present for both alloys. However, the intensity of these bonds is higher for a−Si:N:H films. It means that in both materials there is a diversity of hydrogen bonds (Table 2 ), but the concentration of hydrogen is higher in silicon−nitride layers.
The average value of a friction coefficient of a−Si:N:H thin film deposited for w a = 0.27 on multi− and mono−crys− talline silicon and both substrates without films sliding against alumina ball at 100, 500, and 1000 cycles of the fric− tion test are presented in Fig. 3 . The systems with a−Si:N:H thin film exhibit smaller friction coefficient in comparison with their uncoated substrates. These differences are parti− cularly evident at the initial stage of sliding process when the layer is not completely destroyed. The friction coeffi− cient of the Cz−Si+a−Si:N:H system and the uncoated mono−crystalline silicon substrate was much smaller com− pared to the system on multi−crystalline silicon substrate. This property is caused by a much greater smoothness of the mono−crystalline silicon surface. Wear of the samples dur− ing friction with the Al 2 O 3 ball is also strongly dependent on the geometrical structure of the silicon wafers surface. The relatively quick abrasive wear of the a−Si:N:H layers on multi−crystalline silicon substrate is the result of the easy destruction of the film on the border of the contact between crystallites with different size or orientation (see Fig. 1 ). In spite of this fact, the layers increase the wear resistance of both silicon substrates. The cross sectional area of the groove (about 48 μm 2 ) formed on the Cz−Si+a−Si:N:H sam− ple surface after friction is almost 3 times smaller than the area of the groove formed on the mc−Si+a−Si:N:H surface with the value at about 138 mm 2 -as seen in Fig. 4 . In spite of this difference it is possible to conclude that the tested layer improves surface homogeneity of both types of cells. a−Si:N:H films can also perform the role of the additional protection of the surface of cells at the stage of the techno− logy of joining them into the panel. Typical transmission and reflectance spectra for chosen samples are presented in Fig. 5 . One can see the characteris− tic interference minima and maxima useful for optical cha− racterisation of materials. The calculated refractive index n and the optical absorption a data for a−Si:N:H were ob− tained from following relations [15] 
where n s is the substrate refractive index, and
where T max and T min are the envelopes of the transmission spectrum in a low absorption region. The reflection coeffi− cients are given by
where R 12 and R 23 are the reflection coefficients at air/film and film/substrate interfaces. The thickness of the film d can be calculated from
where l 1 and l 2 are the wavelengths of the interference maxima and minima. Optical absorption coefficient is ob− tained by using
The values of refractive index n for wavelength extrac− ted for l = 650 nm decreases from 2.2 to 1.9 with the increasing nitrogen content in the films [6] .
For amorphous semiconductors exhibiting an exponen− tial absorption edge, the optical energy gap E g can be obtained from the Tauc plot [16] a w w
where a is the absorption coefficient and B is the constant. The values of optical energy gap E g of a−Si:N:H films on glass, calculated from Tauc method, are in the range from 2.4 to 2.9 eV. The results indicate that the addition of nitrogen widens the gap values. Band structure of a−Si:N:H is influenced by silicon network where the formation of Si−N bonds was observed (FTIR spectra).
Total reflectivity of mono−crystalline silicon substrate was measured in the wavelength range extending from 400 nm to 1100 nm. For future application the determination of the effective reflectivity coefficient R eff , defined by Eq. (8), is more useful than total reflectivity R(l) [17] 
where N(l) is the AM1.5 standard solar spectrum over the spectral range from 400 to 1100 nm. The results of total reflectivity for Cz−Si substrates co− vered by a−Si:N:H films of different thickness are presented in Fig. 6 . The position and magnitude of the reflection mini− mum depends on thickness and refractive index and should be optimised experimentally. The lowest values of total reflectivity of Cz−Si with a−Si:N:H film prepared in NH 3 + SiH 4 gaseous mixture of w a = NH 3 /(NH 3 + SiH 4 ) = 0.24. This film is characterized by nitrogen atomic ratio of about 0.2. Unfortunately, the increase in nitrogen content in the film increases also the film roughness [14] . The film thick− ness was 80 nm and the refractive index n »2 which is in agreement with PC1D simulation results. The effective reflectivity R eff of mono−crystalline silicon substrate was decreased from 35.5% to 13%.
The deposition of antireflective film onto mc−Si sub− strates apparently changes the reflectivity from the surfacesee in Fig. 6 . The lowest values of total reflectivity of mc−Si coated with a−Si:N:H film obtained in NH 3 + SiH 4 gaseous mixture of NH 3 /(NH 3 + SiH 4 ) = 0.24. The effective reflec− tivity coefficient R eff of multi−crystalline silicon substrate was decreased from 26.6% to 8% after the deposition of a−Si:N:H film. Such decrease is lower than for mc−Si with a−Si:C:H film, where the effective reflectivity decreased from 26.6% to 6%, which was published in our previous work [9] .
The efficiency of multi−crystalline silicon solar cells tive materials [18] . The simulation results confirmed that the use of a−Si:N:H ARC improves all the relevant solar cells parameters such as: short circuit current, fill factor, series resistance, shunt resistance, etc. For example, the value of short circuit current for cell without ARC is 493 mA and increases to 615 mA after the deposition of ARC.
Conclusions
The preparation of high quality a−Si:N:H films is possible by PECVD method. SEM spectra and EDX microanalysis confirm that films have good homogeneity and uniform dis− tribution of nitrogen and silicon. The surface of the obtained films is smooth. The a−Si:N:H films have many different hydrogen bondings (FTIR analysis) which are very advanta− geous in the passivation process of silicon defects. Addi− tionally, hydrogen present in the films may reduce the num− ber of recombination centres in multi−crystalline silicon. The a−Si:N:H films considerably increase the wear resis− tance of the mono−crystalline silicon substrates and slightly the multi−crystalline silicon one. As they exhibit anti−wear properties they may also be applied as protective layers for silicon solar cells. Resistance to abrasive wear and friction coefficient of these films are dependent on the geometrical structure of the silicon wafers surface.
The optical parameters like refractive index and energy gap showed a correlation with a deposition parameters used. The effective reflectivity of mono− and multi−crystalline si− licon is reduced after the deposition of a−Si:N:H films. All properties of a−Si:N:H films are very promising for applica− tions as good antireflective coatings (ARC). The simulation method confirmed that solar cells with ARC with parame− ters characteristic to a−Si:N:H exhibit the increase in effi− ciency and short circuit current and this material has good optical properties for future applications.
Compared with a−Si:C:H films, a−Si:N:H is falling out more favourably, mainly on account of better passivation possibilities.
